failure to obtain evidence of crystallinity by any other means, Bessis (9) has suggested the abandonment of the notion that sickled erythrocytes are sickled by virtue of intracellular crystallization of hemoglobin. However, it is not certain that the X-ray studies (13) were performed on erythrocytes which were actually sickled at the time of examination, and the electron microscopic studies obtained by Bessis et al. (8) involved the use of the fixative osmic acid, a strong oxidizing agent. In view of the ready reversibility of the sickling phenomenon by oxygen or oxidizing agents, it seemed worthwhile to explore the use of other fixatives, and it has been found, in fact, that glutaraldehyde fixation of siclded erythrocytes permits the electron microscopic demonstration of intracellular hemoglobin crystals.
Materials and Methods
Blood samples were obtained from several normal subjects and from three patients with sickle cell anemia, none of whom had received blood transfusions during the preceding few months. Heparin was used as an anticoagulant, and the blood samples were stored at 4°C until used.
Crystallization of oxyhemoglobin was accomplished by dialysis of stroma-free hemoglobin solutions (10) against 3 volumes of 2.8 ~ phosphate buffer (pH 6.8) at room temperature (11) . Crystals of reduced hemoglobin from normal subjects were prepared from stroma-ffee solutions of oxyhemoglobin by addition of 1 g of sodium bisulfite to 100 ml of hemoglobin solution, followed by dialysis against 300 ml of 2.8 5, phosphate buffer (pH 6.8) containing 3 g of sodium bisulfite.
Sickling of erythrocytes was accomplished by suspending washed erythrocytes in physiological saline solution and adding an equal volume of 1% sodium bisulfite solution. Sickling was usually virtually complete within 15 min as judged by microscopic examination of aliquots of the suspension.
Fixation of normal and sickled erythrocytes was accomplished by centrifuging the cells into a pellet, decanting the supernatant solution, and adding the desired fixative solution rapidly so that the cells were resuspended in the fixative. The following fixative solutions were investigated.
1. Osmium tetroxide in distilled water, at concentrations of I and 2%, with and without admixture of phosphate buffer at pH 7.0.
2. Glutaraldehyde dissolved in distilled water to give solutions of 1, 2, 4, or 8%, used at 4°C for 1 hr.
3. Formalin, in various concentrations and buffered to various pH values. Mter fixation, the cells were again centrifuged into pellets and small fragments of these pellets were prepared for electron microscopy by dehydration in alcohol, embedding in Epon, and sectioning with a diamond knife on a Porter-Blum ultramicrotome. Sections were mounted on carbon-coated grids, stained with 1% uranyl acetate and lead (12) and examined in a Siemens electron microscope.
Birefringence of sickled erythrocytes was observed with the Zeiss Ultraphot microscope fitted with polarizing optics, at each stage of fixation, dehydration, and embedding, to determine whether the manipulations had resulted in loss of birefringence or reversal of sickling. Cell suspensions were also examined spectrophotometrically after fixation, to determine whether the hemoglobin was in the reduced form or whether it had been converted to methemoglobin or some other derivative.
RESULTS

Ultrastructure of Sickled Erythrocytes
Early in the present study it became apparent that osmium tetroxide was not a suitable fixative for sickled erythrocytes. Addition of this agent to sickled erythrocytes caused immediate loss of birefringence with conversion of the reduced hemoglobin to methemoglobin, and resulted in poor preservation of the sickled forms. Electron microscopic examination of thin sections from osmiumfixed erythrocytes from normal subjects or from the patients with sickle cell disease showed no evidence of any organization of the hemoglobin in the cytoplasm of the erythrocytes.
Fixation with 2 % glutaraidehyde, however, resulted in good preservation of the form and birefringence of the siclded cells, and caused no detectable conversion of reduced hemoglobin to methemoglobin. Electron microscopic examination of thin sections of glutaraldehyde-fixed erythrocytes from normal donors showed no discernible internal structure or organization (Fig. 1) ; similar preparations from patients with sickle cell disease, however, exhibited the appearance illustrated in Figs. 2 to 4. In sections in which the plane of the section was parallel to the long axis of the sickled erythrocyte, families of parallel lines were observed, regularly spaced approximately 1S0 A apart. In sections in which the plane of the section was at right angles to the long axis of the sickled cell, a regular hexagonal pattern was observed. Hexagonal structures of approximately 150 A in diameter were outlined by electron-dense borders. These patterns were regularly observed in sections of glutaraldehyde-fixed sickled cells from each of the patients studied, but were never seen in similar material derived from normal subjects. These patterns were observed only in sections of sickled cells which had retained their birefringence throughout fixation and embedding, and were never observed in sections of sickled cells which had lost their birefringence as a consequence of osmium fixation, or of inadequate glutaraldehyde fixation. The lines illustrated in Fig. 2 were often found extending out into fine processes projecting from the erythrocyte, an appearance consistent with the hypothesis that the presence of the lines bore a meaningful relationship to the presence of the projections.
Crystal Form of Reduced Sickle Hemoglobin
Crystals of oxyhemoglobin and of reduced hemoglobin were prepared from each of several samples of normal human blood. The crystals observed in each case had the well known bipyramidal rhomboid habit, as did crystals of oxyhemoglobin prepared from blood samples obtained from patients with sickle cell disease. Attempts to prepare crystals of reduced sickle hemoglobin by the usual technique were unsuccessful, as its extremely low solubility led to its rapid precipitation in amorphous form. The following procedure, however, was found to yield crystals of reduced sickle hemoglobin. Small amounts of 2.8 phosphate buffer (pH 6.8) were added slowly with stirring to a stroma-free solution of sickle hemoglobin, both solutions containing 1% sodium bisulfite, until a definite precipitate persisted. Aliquots were removed after each addition of buffer, and a drop of each aliquot was sealed with petroleum jelly between a coverslip and microscope slide and kept at room temperature. Within 24 hr, one or more of the specimens usually showed a heavy crop of pale red crystals, which on microscopic observation were always found to consist of needles or sheaves of needles rather than of bipyramidal rhomboids (Figs. 5 and 6 ). These were birefringent and showed dichroism like that of sickled erythrocytes.
X-Ray Diffraction Studies
Samples of sickled erythrocytes suspended in 1% sodium bisulfite solution were introduced into quartz capillary tubes, sealed, and exposed to an X-ray beam for several hours in an X-ray diffraction unit. Samples of normal erythrocytes in 1% sodium bisulfite were simulataneously exposed via the opposite port of the camera. While no evidence of crystallinity was obtained by this method, examination of the erythrocytes after exposure revealed that they had probably not remained in the sickled state. Birefringence was either absent or much weaker than that of freshly sickled cells, and negative results obtained under such circumstances are obviously not critical. To date, no method of specimen preparation has been found which permits adequate X-ray examination of strongly birefringent sickled cells, and further studies to that end are now in progress. DISCUSSION Sickled erythrocytes have been shown in the present study to possess an ultrastructure consistent with the presence of crystals of reduced sickle hemoglobin within the cells. Crystals of reduced sickle hemoglobin have been shown to be extremely anisometric, taking the shape of needles or sheaves of needles. These observations lend support to the hypothesis that the shape change undergone by these cells during the sickling process is a consequence of the intracellular crystallization of reduced sickle hemoglobin. Sickle-cell anemia can thus be considered to be a "molecular disease" at more than one level: (a) at the level of the gene, in which the code for hemoglobin is slightly altered; (b) at the level of the primary structure of the gene product, in which a single amino acid is altered; and (c) at the level of the tertiary structure of the gene product, which by the substitution of this single amino acid has been so altered as to drastically change the solubility of the hemoglobin and to change the manner in which molecular packing into crystal form occurs, so that upon removal of oxygen from the cell the reduced sickle hemoglobin crystallizes out of solution into long slender rods or needles. The consequent severe distortion of the eryth-rocytes, or "sickling", is then in one way or another responsible for the pathology of the disease itself.
Reversible formation of protein crystals within cells may not be restricted to sickle cells, and it is possible that other phenomena such as crenafion of erythrocytes and pseudopod formation by leucocytes may involve tenting or distortion of the cell membrane by the formation of protein crystals in the cytoplasm; electron microscopy and X-ray diffraction seem appropriate tools for the study of such problems although the present study suggests that close attention must be paid to the details of preservation and specimen preparation in such studies.
SUMMARy
Electron microscopic and other evidence have provided support for the hypothesis that the sickling phenomenon is due to the intracellular formation of long slender crystals of reduced sickle hemoglobin. The rapid growth of these crystals causing tenting of the cell membrane is responsible for the bizarre distortion of the erythrocytes and presumably for the disease itself. 
